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Fox Squirrels (Sciurus niger) Develop West Nile Virus
Viremias Sufficient for Infecting Select Mosquito Species
KENNETH B. PLATT,1 BRAD J. TUCKER,2 PATRICK G. HALBUR,3
BRADLEY J. BLITVICH,1 FLOR G. FABIOSA,1 KATHLEEN MULLIN,4
GRISHMA R. PARIKH,2 PRAVINA KITIKOON,5 LYRIC C. BARTHOLOMAY,2
and WAYNE A. ROWLEY2
ABSTRACT
The West Nile virus (WNV) viremia and shedding profiles of 11 adult fox squirrels (Sciurus niger) infected by
needle inoculation or mosquito bite were characterized. Daily mean titers (95% confidence intervals) for all squir-
rels on days 1 through 6 postexposure (p.e.) were: 101.7 (1.3–2.1), 104.4 (4.0–4.8), 105.3 (5.0–5.6), 104.4 (3.9–4.9), 102.7 (2.0–3.4), and
101.1 (0.5–2.1) plaque-forming units (PFU)/mL. The highest WNV serum titers of individual squirrels infected by nee-
dle inoculation or mosquito bite ranged from 104.5 to 106.1 and from 105.1 to 105.3 PFU/mL, respectively. Nine (82%)
squirrels, including all 4 squirrels infected by mosquito bite, had WNV serum titers 105.1 PFU/mL that persisted
on average for 1.6  0.3 days. Infection and dissemination rates of Culex pipiens (L.) that fed on squirrels with
serum titers of 104.4  0.1 PFU/mL were 56% and 13%, respectively. Both of these rates increased to over 80% when
fed on squirrels with a mean WNV titer of 105.5  0.1 PFU/mL. Infection and dissemination also occurred in Aedes
triseriatus (Say) but at a much lower rate. WNV was isolated from the oral and rectal cavities of all squirrels and
from urine that was opportunistically collected from 5 squirrels. The largest quantity of WNV recovered from
swabs of the oral cavity and urine was 103.1 PFU. The longest periods after exposure that WNV was isolated from
the oral cavity and urine from a squirrel were 22 and 17 days p.e., respectively. WNV RNA was also detected in
kidney tissue in 1 squirrel 29 days p.e., suggesting that fox squirrels can be persistently infected. Collectively these
observations provide further evidence that squirrels can contribute to the natural history and epidemiology of




MAMMALS HAVE NOT BEEN CONSIDERED to bea significant component in the ecology of
West Nile virus (WNV) (family Flaviviridae,
genus Flavivirus) most likely because reported
experimental infections of mice (Mus muscu-
lus), horses (Equus caballus), swine (Sus domes-
tica), dogs (Canis lupus), and cats (Felis silvestris)
seldom reached or exceeded blood titers of 
104.0 plaque-forming units (PFU) (Odelola and
Oduye 1977, Ben-Nathan and Feuerstein 1990,
Bunning et al. 2002, Teehee et al. 2005, Austgen
et al. 2004). In contrast, viremias in many
species of birds, especially passiformes, exceed
105.0 PFU/mL blood and can reach levels
greater than 109.0 PFU/mL serum (Komar et al.
2003). Thus, the commonly accepted paradigm
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of WNV ecology is that the virus is primarily
maintained in nature in a bird–mosquito–bird
transmission cycle. Mechanisms proposed for
persistence of WNV between mosquito seasons
include vertical transmission in Culex species
destined for diapause and chronic infection in
birds (Reisen et al. 2006).
Recent studies have shown that mammals
could be more important in the ecology of
WNV. Tiawsirisup et al. (2004) demonstrated
infection rates of 21% and 25% for Culex pipi-
ens (L.) and Cx. salinarius (Coquillett) that fed
on eastern cottontail rabbits (Sylvilagus flori-
danus) with WNV serum titers 105.0 tissue cul-
ture infective dose (TCID)50s/mL. Platt et al.
(2007) demonstrated WNV serum titers in chip-
munks that were infective for Aedes triseriatus
(Say), Ae. vexans (Meigen), and Cx. pipiens,
reached levels as high as 107.8 PFU/mL. Root
et al. (2006) reported that WNV titers in fox
squirrels (Sciurus niger) infected by needle in-
oculation approached 105.0 PFU/mL, and that
virus was detected in the oral cavity and feces.
Most recently, Padgett et al. (2007) reported
WNV titers ranging from 100.4 to 104.7 PFU/mL
in 8 naturally infected, free-roaming California
fox squirrels, and 108.0 PFU/mL in a ninth
squirrel; all 9 animals showed neurological
signs of infection.
These studies are particularly noteworthy
because these wildlife species can be perido-
mestic and if infected could be a source of
WNV infection for anthropophilic mosquitoes
in suburban and rural areas. This is particularly
true for tree squirrels as they share habitats
with avian species, the primary amplifying
hosts of WNV, and frequently are exposed to
WNV as indicated by serosurveys of tree squir-
rel populations in the eastern and central
United States (Root et al. 2005) and California
(Padgett et al. 2007).
This study characterizes the WNV viremia
profile in an Iowa population of fox squirrels
infected with a local WNV strain (IA02-crow)
by needle inoculation or mosquito bite, and
demonstrates that fox squirrels infected by
WNV could, in turn, be a source of infection
for Ae. triseriatus and Cx. pipiens. Shedding pat-
terns and histological lesions associated with
WNV infection in fox squirrels are described.
Data are also presented that suggest persistent
WNV infection occurs in the fox squirrel.
MATERIALS AND METHODS
Cells, media, and solutions
Vero-76 cells were used for virus propaga-
tion, plaque assays, and virus isolation. Growth
medium (GM) with 10% heat-inactivated fetal
bovine serum (FBS) was 1 part Dulbecco’s
modified Eagle’s medium (GIBCO, Invitrogen
Corp., Carlsbad, CA) and 1 part CO2-indepen-
dent medium (GIBCO, Invitrogen Corp.), sup-
plemented with 4.0 mM of L-glutamine and 20
mg gentamicin sulfate (GentaMax100, Phoenix
Pharmaceutical, Inc., Belmont, CA) per 100 mL.
Maintenance medium (MM) was GM with 1%
FBS. Overlay medium (OM) for virus plaque
assays was 1 part MM and 1 part 2% agarose
(Difco, Becton-Dickinson and Co., Sparks, MD)
that was prepared in Hanks’ balanced salt so-
lution (GIBCO, Invitrogen Corp.). GM contain-
ing 20% FBS was used for mosquito grinding
solution (GS) and for expression of swabs of
the oral and rectal cavities and excreted urine.
Virus and virus assays
WNV strain IA02-crow (Erickson et al. 2006)
was passed 4 times in Vero-76 cell cultures and
used for all experiments. The virus was assayed
by a standard plaque method as previously de-
scribed (Platt et al. 2007). In brief, serial 10-fold
dilutions were made in MM. Vero cell mono-
layers in 6-well tissue culture plates were in-
oculated in duplicate with 0.75 mL of each
virus dilution and maintained at 37°C for 75
minutes. Inoculums were then replaced with
OM. Plaques were counted 3 days later and ex-
pressed as PFU/mL.
For plaque reduction neutralization (PRNT)
assays of sera, virus was diluted in MM to yield
approximately 80–100 PFU/mL. Sera were ini-
tially diluted 1:10 in MM and 2-fold thereafter.
One-milliliter aliquots of virus and diluted
serum were added together, incubated for 60
minutes at 37°C and subsequently assayed as
previously described. Serum neutralization
titers were expressed as the reciprocal of the fi-
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nal serum dilution that reduced plaque counts
by 90%.
Virus isolation from mosquitoes and swabs of
oral and rectal cavities
Mosquitoes were killed by freezing. Whole
bodies without legs and wings, and legs were
triturated separately in 1.5 microcentrifuge tubes
containing 300 L of cold GS and stored at
70°C until assayed. Individual samples were
thawed and the final volumes increased to 2 mL
with cold MM. Approximately 1.6 mL of each
sample was passed through a 450-nm filter di-
rectly onto a confluent Vero cell monolayer in a
25-cm2 cell culture flask. The remaining filtrate
was stored at 70°C. An additional 5 mL of MM
was added to individual flasks after a 1-hour in-
cubation period at 37°C. Cytopathic effects ob-
served during a 7-day period were confirmed for
WNV specificity by the VecTest WNV/SLE anti-
gen assay (Microgenics Corp., Freemont, CA).
GM in which swabs were expressed was filtered
and processed in the same manner.
Histopathology and immunohistochemistry
Formalin-fixed tissues were processed for
histological examination by the Veterinary Di-
agnostic Laboratory at Iowa State University
(ISU-VDL) using standardized protocols.
WNV-specific mouse ascites fluid (ATTC,
Manassas, VA) was used as primary antibody
for detection of WNV antigen. Processed tis-
sues were evaluated blindly by a veterinary
pathologist for evidence of microscopic lesions
and WNV antigen in the tissues.
Reverse transcription-polymerase chain 
reaction (RT-PCR)
Kidney tissue collected at necropsy was
stored in RNA stabilizing solution (RNAlater,
Ambion, Austin, TX) at 70°C until processed.
Total RNA was extracted from tissue using
TRIzol LS Reagent (GIBCO, Invitrogen Corp.)
according to the manufacturer’s protocol and
stored at 70°C.
Samples were assayed for WNV RNA by the
ISU-VDL using real-time RT-PCR as described
by Lanciotti et al. (2000), or by a traditional RT-
PCR. For the latter, the superscript one-step
RT-PCR with platinum Taq kit (Gibco, Invitro-
gen) was used. WNV-specific primers were
WN233 (5TTGTGTTGGCTCTCTTGGCGTTC-
TT3) and WN640c (5CAGCCGACAGCACT
GGACATTCATA3) (Lanciotti et al. 2000). The
amplification protocol was performed following
the manufacturer’s recomendation with thermal
cycling parameters as described by Lanciotti 
et al. (2000). The PCR products were elec-
trophoresed in a 1% low melting point agarose
gel and visualized using ethidium bromide stain-
ing. Selected PCR products of the expected (408
bp) size were purified using the QIAquick PCR
purification kit (Qiagen, Valencia, CA) and se-
quenced at the ISU sequencing facility. The re-
sulting sequence was subjected to a nucleotide-
nucleotide BLAST analysis (blastn) through the
GenBank server, and confirmed as the desig-
nated segment of the WNV genome.
Mosquitoes
Ae. triseriatus and Cx. pipiens were collected
in Iowa and colonized in 2002. Mosquitoes
were maintained in controlled environmental
conditions (27°C  1°C and 70%  5% relative
humidity with a 16:8 hour photoperiod) and
fed a 10% sucrose solution. Sucrose was with-
held from mosquitoes approximately 48 hours
before feeding on chickens or squirrels. All
mosquitoes were provided water until blood
feeding. Ae. triseriatus were infected by feeding
on viremic chickens, then maintained for 18
days before feeding on squirrels. Individual
mosquitoes that were used to infect squirrels
were assayed for the presence of WNV and to-
tal viral load.
Experimental animals
Twelve adult WNV antibody-free fox squir-
rels were live-trapped in Story County, IA, dur-
ing the fall and winter of 2005–2006 under a
state of Iowa permit. The animals were housed
in BSL-3 animal facilities in individual cages,
and handled and treated in accordance with ex-
perimental protocols approved by the ISU In-
stitutional Animal Care and Use Committee.
Squirrels were anesthetized for all procedures
with ketamine/acepromazine given intramus-
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cularly (i.m.) initially at 44:0.44 mg/kg and ad-
justed as necessary for individual squirrels.
Blood was collected from peripheral veins or
from the heart when bleeding was terminal.
One-day-old WNV antibody-free broiler chick-
ens (Hoover’s Hatchery, Inc., Rudd, IA) were
used to generate WNV levels substantial
enough to infect Ae. triseriatus for transmission
to squirrels. Squirrels were killed by exsan-
guination under anesthesia and chickens by
cervical dislocation. Carcasses were disposed
of by incineration.
Characterization of WNV infection in 
fox squirrels
The WNV viremia profile and shedding pat-
tern were characterized in 11 squirrels that
were exposed to WNV by i.m. inoculation or
mosquito bite in a series of 3 experiments. One
noninoculated squirrel served as a control. In
the first experiment, 2 squirrels were inocu-
lated with 102.4 PFU of WNV. In the second ex-
periment, 2 squirrels were inoculated with 102.4
PFU and 3 with 102.7 PFU of WNV, and in the
third experiment, 4 squirrels were infected by
the bite of 2–3 WNV-infected Ae. triseriatus. The
mean virus load of these mosquitoes was 
107.3  0.3 PFU. Serum specimens were collected
daily through day 6 or 7 postexposure (p.e.)
and then periodically thereafter until the day
of death. Swabs of the oral and rectal cavities,
and excreted urine (when possible) were simi-
larly collected and assayed for WNV which
was quantified in selected samples. Squirrels
were maintained up to 34 days p.e. Tissues in-
cluding the adrenal gland, brain and spinal
cord, heart and skeletal muscle, kidney, liver,
lung, pancreas, small and large intestines, sali-
vary gland, spleen, stomach, rectum, and uri-
nary bladder were collected from infected
squirrels and the noninoculated control squir-
rel and examined for gross and microscopic le-
sions and the presence of WNV antigen. Kid-
ney tissue from selected squirrels was also
examined by RT-PCR for WNV RNA.
Fox squirrels as an amplifying host for WNV
Groups of up to 20 Ae. triseriatus and Cx. pip-
iens maintained in the same container were fed
on anesthetized squirrels 2–4 days after expo-
sure to WNV by needle injection or mosquito
bite. Engorged mosquitoes were separated by
species immediately after feeding, maintained
for at least 15 days, and assayed for WNV in-
fection and dissemination as previously de-
scribed.
RESULTS
WNV viremia profile in fox squirrels
The viremia curves observed in squirrels in-
fected by i.m. inoculation or mosquito bite were
essentially the same (Fig. 1). There was exten-
sive overlapping of mean daily titers by the
95% confidence intervals (CIs). When data
were combined, daily mean titers and 95% CIs
for all 11 infected squirrels on days 1 through
6 p.e. were: 101.7 (1.3–2.1), 104.4 (4.0–4.8), 105.3 (5.0–5.6),
104.4 (3.9–4.9), 102.7 (2.0–3.4), and 101.1 (0.5–2.1) PFU/
mL. The highest WNV serum titers of individ-
ual squirrels infected by needle inoculation or
mosquito bite ranged from 104.5 to 106.1 and
from 105.1 to 105.3 PFU/mL, respectively. Nine
of 11 (82%) squirrels, including all 4 squirrels
infected by mosquito bite, had WNV serum
titers 105.1 PFU/mL that persisted on average
for 1.6  0.3 days. Viremias were sufficient to
infect Ae. triseriatus and Cx. pipiens (Table 1).
The infection and dissemination rates of Cx.
pipiens that fed on squirrels with serum titers
of 104.4  0.1 PFU/mL were 56% and 13%, re-
spectively. Both infection and dissemination
rates increased to over 80% when fed on squir-
rels with a mean serum WNV titer of 105.5  0.1
PFU/mL. Infection and dissemination rates of
Ae. triseriatus were markedly lower.
WNV shedding patterns of infected fox squirrels
WNV shedding patterns from oral and rec-
tal cavities during the first 12 days p.e. are
summarized in Figure 2. WNV was first re-
covered from both sites on day 2 p.e. WNV
recovery rates increased to over 80% by day
3 p.e., remained at or near these levels
through day 7 p.e., then declined rapidly.
WNV was also recovered from the oral cav-
ity of squirrel no. 4 on days 16 and 22 p.e.,
and the oral cavity of squirrel no. 11 on day
17 p.e. The amount of WNV recovered from
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oral swabs representing 4 squirrels ranged
from 101.9 to 102.9 PFU.
WNV was recovered beginning on day 3 p.e.
from 7 of 28 (25%) urine swabs that were col-
lected opportunistically during the first 7 days
p.e. from 5 squirrels. WNV was also isolated
from 2 of these squirrels on day 11 or 17 p.e.
The largest quantity of WNV recovered from a
urine swab was 103.1 PFU.
Effect of WNV in fox squirrels
One squirrel (no. 2) developed signs of dis-
ease on day 10 p.e., including incoordination,
tremors, and head tilt, and was euthanized on
day 11 p.e. None of the other 10 squirrels that
were maintained for up to 34 days p.e. devel-
oped any signs of disease. No gross lesions
were observed at necropsy. The most common
microscopic lesions observed in squirrels were
mild to moderate multifocal lymphoplasma-
cytic and lymphohistiocytic encephalomyelitis
with perivascular cuffing and gliosis present in
6 (55%) squirrels, and mild to severe multifo-
cal lymphoplasmacytic interstitial nephritis
present in 7 (64%) squirrels (Table 2). Lesions
in both brain and kidney tissues were present
in 4 squirrels. Mild multifocal lymphoplasma-
cytic hepatitis was observed in 2 (18%) squir-
rels in which brain and kidney lesions also
were present. Immunostaining of WNV anti-
gen was observed in association with lesions in
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TABLE 1. SUSCEPTIBILITY OF AE. TRISERIATUS (SAY) AND CX. PIPIENS L. TO WNV INFECTION AFTER FEEDING ON
VIREMIC FOX SQUIRRELS (SCIURUS NIGER)
Ae. triseriatus Cx. pipiens
Blood No. mosquitoes % no. % no. Blood No. mosquitoes % no. % no.
meal titera (no. replicates)b Infectionc Disseminationd meal titer (no. replicates) Infection Dissemination
4.4  0.1 114 (12) 8 (9) 2 (2) 4.5  0.1 16 (9) 56 (9) 13 (2)
5.5  0.1 101 (10) 6 (6) 5 (5) 5.6  0.2 18 (4) 94 (17) 89 (16)
aWNV titers are expressed as log10  SE PFU/mL serum.
bReplicate  1 viremic squirrel on a given day, and no. mosquitoes  total no. for all replicates.
c% infection is the no. of mosquitoes with WNV in their bodies/total no. of blood-fed mosquitoes  100.
d% dissemination is the no. of mosquitoes with WNV in their legs/total no. of blood-fed mosquitoes  100.
FIG. 1. The viremic response of the fox squirrel (Sciurus niger) infected by i.m. inoculation with 102.4 or 102.7 PFU
WNV or by bite of 2–3 WNV-infected A. triseriatus. The mean and 95% confidence interval of the virus load of mos-
quitoes that fed on squirrels was 107.3 (6.7–7.9) PFU. n  7 and 4, respectively, for squirrels infected by needle or mos-
quito bite. One squirrel infected by mosquito bite died during sampling on day 4 postexposure.
the brain, spinal cord, and kidney only in squir-
rel no. 2. WNV RNA was detected in kidney
tissue of squirrel nos. 5, 9, and 11. No lesions,
antigen staining, or WNV RNA were observed
or detected in the noninoculated control squir-
rel.
DISCUSSION
This study demonstrates that fox squirrels
can be a source of WNV for Cx. pipiens and Ae.
triseriatus that have the potential to transmit
WNV to humans (Table 1). Nine (82%) of the
11 squirrels maintained WNV titers 105.1
PFU/mL for an average of 1.6  0.3 days, and
maximum titers of at least 106.0 PFU/mL oc-
curred in 2 of these squirrels. These viremias
are sufficient to infect several different Culex
species which represent primary WNV vectors
(Turell et al. 2005). Goodard et al. (2002) re-
ported infection rates of 3 different California
populations of Cx. tarsalis ranging up to 36%
with variable transmission rates after feeding
on hanging blood drops with WNV titers of
104.9 PFU/mL. Sardelis et al. (2001) reported in-
fection rates of 29% for Cx. nigripalpus that fed
on chickens with WNV titers of 104.6 PFU/mL,
and infection and estimated transmission rates
of 78% and 7% after feeding on chickens with
titers of 105.7 PFU/mL. These investigators also
reported infection and estimated transmission
rates of 46% and 0%, and 50% and 6% for Cx.
quinquefasciatus that fed on chickens with titers
of 105.0 and 105.5 PFU/mL, respectively.
Tiawsirisup et al. (2005b), using minimum es-
timated infection rates determined by dividing
the number of WNV positive pools by the to-
tal number of mosquitoes in all pools tested, re-
ported values of 21% for Cx. salinarius that fed
on cottontail rabbits with WNV titers ranging
from 104.3 to 104.9 TCID50s/mL of serum.
In addition to Ae. triseriatus, other Aedes
species can also be infected by the viremias that
occur in fox squirrels. Infection and dissemi-
nation rates of 11% and estimated transmission
rates of 7% were reported for Ae. solicitans that
fed on chickens with titers of 105.2 PFU/mL
blood (Turell et al. 2001). Infection and subse-
quent transmission were reported for 1 of 4 Ae.
trivittatus that fed on a chicken with a titer 105.5
TCID50/mL (Tiawsirisup et al. 2005a). Unpub-
lished studies with an Iowa strain of Ae. vexans
in our laboratory demonstrated infection and
transmission rates of 28% and 9%, respectively,
after feeding these mosquitoes on chickens
with WNV titers of 105.0 to 105.4 PFU/mL.
All of the above mosquito species have con-
tact with fox squirrels through shared and
overlapping habitats, and with the exception of
the primarily ornithophilic Cx. pipiens and Cx.
quinquefasciatus, are considered opportunistic
or mammalophilic (Turell et al. 2005). How-
ever, Cx. pipiens and Cx. quinquefasciatus will
also feed on mammals. Field studies in Wis-
consin by Wright and DeFoliart (1970) reported
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FIG. 2. WNV shedding patterns from infected fox squirrels.
that Cx. pipiens were attracted to and fed on a
variety of caged mammals in the field. In par-
ticular, 28% of 342 Cx. pipiens that were attracted
to caged gray squirrels (Sciurus carolinensis) be-
came engorged. Similarly, Irby and Apperson
(1988) reported that 6% of 158 wild-caught Cx.
quinquefasciatus in the southern coastal plain of
South Carolina had fed on mammals. Therefore,
the fox squirrel can contribute to the epidemi-
ology of WNV, especially in peridomestic envi-
ronments where there is a convergence of avian
amplifying hosts, the fox squirrel and mosqui-
toes with broad host preference.
While the current study demonstrates that
Iowa fox squirrels can amplify WNV to mos-
quito-infective levels, this may not occur in all
geographic locations. The WNV viremia pro-
file of Iowa squirrels used in this study was ap-
proximately 1 order of magnitude higher than
in Colorado fox squirrels infected subcuta-
neously with 103.1 PFU of WNV NY-99 (see
Root et al. 2006). These differences could be re-
flections of virus strain, the genetic background
of the squirrel populations, and/or the route of
inoculation. Differences in genetic background
and virus strain also might have been respon-
sible for the WNV titer of 108.0 PFU/mL that
was detected in a naturally infected California
fox squirrel (Padgett et al. 2007).
The current study also suggests that fox squir-
rels can be persistently infected with WNV.
Virus was recovered from urine and the oral
cavity in the presence of circulating WNV-spe-
cific neutralizing antibody on day 17 or 22 p.e.
from squirrel nos. 4 and 11, and WNV RNA was
detected in kidney tissue of squirrel nos. 5 and
11 on day 29 or 17 p.e. Persistent WNV infection
has been reported in other species such as the
rhesus macaque (Macaca mulatta) (Pogodina et
al. 1983) in which WNV was isolated from kid-
ney tissue 5.5 months p.e., and in the golden
hamster (Mesocricetus auratus) (Tesh et al. 2005)
in which virus was shed in urine for up to 247
days p.e. Genetic changes associated with renal
tropism and loss of virulence have been re-
ported in WNV isolated from hamster urine
(Ding et al. 2005). Similar genetic and pheno-
typic changes in WNV which might facilitate
persistent infection could be occurring in squir-
rels, and should be the subject of future studies.
Persistent WNV infection in squirrels might
be another mechanism for WNV survival be-
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TABLE 2. HISTOLOGICAL LESIONS OBSERVED IN FOX SQUIRRELS (SCIURUS NIGER) INFECTED WITH WNV
PRNT
Presence of microscopic lesionsd/WNV
on
antigen in specific organse,f
Squirrel Exp WNV Death death Spinal
no. no. dosea dayb dayc Brain cord Liver Kidney
1 1 2.4 31 (K) 251 	/ / / /
2 1 2.4 11 (E) 32 		/	 		/	 ND 		/	
3 2 2.4 34 (K) 160 	/ / / 		/
4 2 2.4 34 (K) 160 / / / /
5 2 2.7 29 (K) 126 / / / 		/
6 2 2.7 23 (K) 160 / 	/ / 	/
7 2 2.7 33 (K) 160 		/ / 	/ 	/
8 3 M 4 (S) NDg / / / 	/
9 3 M 11 (K) 160 		/ / / /
10 3 M 10 (K) 20 / / / /
11 3 M 17 (K) 56 	/ / 	/ 			/
aLog10 PFU of WNV injected i.m., or bite of 2–3 infected Ae. triseriatus mosquitoes (M).
bDeath day  day postexposure that death occurred by euthanasia (E) if a squirrel developed symptoms that pre-
vented it to ambulate to and/or consume water or food, if death occurred during sampling (S), or if a squirrel was
killed (K) to collect tissues.
cPRNT  plaque reduction neutralization titer90 expressed as the anti-log of the geometric mean titer.
dLesions were not present (), mild (	), moderate (		), or severe (			).
eStaining of WNV antigen was absent (),  mild (	), moderate (		), or extensive (			).
fOrgans in which there were no detectable lesions or WNV antigen included adrenal gland, heart and skeletal mus-
cle, lung, pancreas, small and large intestines, salivary gland, spleen, stomach, rectum, and urinary bladder.
gND  not done.
tween mosquito seasons, especially if periodic
shedding and nonmosquito transmission by
close contact occurs. Oral transmission has
been documented in the mouse, cat, golden
hamster, and American alligator (Alligator mis-
sissippiensis) (Odelola and Oduye 1977, Aust-
gen et al. 2004, Sbrana et al. 2005, Klenk et al.
2004) and might occur among squirrels since
WNV is shed from the oral cavity and urine in
amounts as high as 103.1 PFU/swab. Root et al.
(2006) also reported WNV shedding from the
oral cavity and in urine in amounts as high as
103.2 and 102.7 PFU equivalents/swab, respec-
tively. Root et al. (2007) also reported field 
observations that suggest that nonmosquito
transmission might occur. Whether persistent
WNV infection occurs in squirrels and virus is
shed in quantities that are infective for naïve
individuals is a subject of future study.
Morbidity and mortality in WNV-infected
fox squirrels appear to be low. Only 1 (squirrel
no. 2) of the 11 (9%) infected squirrels devel-
oped overt symptoms of disease. Similarly,
Root et al. (2006) reported that none of 12
viremic squirrels that were maintained experi-
mentally for 12 days developed symptoms of
disease. Symptoms of the affected squirrel were
similar to those observed in naturally infected
fox and gray squirrels: incoordination, tremors,
and varying degrees of paralysis (Kiupel et al.
2003, Heinz-Taheny et al. 2004, Padgett et al.
2007). Although squirrel no. 2 was euthanized,
our impressions were that it would not have
survived the infection.
The absence of gross lesions in symptomatic
and asymptomatic WNV-infected gray and/or
fox squirrels, and presence of lymphoplasma-
cytic inflammatory lesions in brain, kidney,
and liver tissues are consistent with observa-
tions in experimentally infected (Root et al.
2006) or naturally infected symptomatic or dead
squirrels (Kiupel et al. 2003, Heinz-Taheny et al.
2004).
Microscopic heart lesions were not observed
in any of the squirrels in the current study but
have been described in squirrels by other in-
vestigators. Heinz-Taheny et al. (2004) reported
lesions varying from mild to moderate lym-
phocytic myocarditis to necrotizing myocardi-
tis in 10 of 16 (63%) naturally infected fox and
gray squirrels. WNV antigen was demon-
strated in heart tissue of 3 of these squirrels. 
Kiupel et al. (2003) observed necrotizing my-
ocarditis in a symptomatic squirrel in which
WNV antigen was present in myocardial fibers.
Failure to observe heart lesions in squirrels of
the present study might be a reflection of the
relatively small numbers used, the time after
initial exposure that tissues were collected for
histological examination, or possibly differ-
ences in virus strain and genetic background of
the squirrels.
The mosquito-infective WNV viremias of
squirrels demonstrated by this study and the
identification of a symptomatic free-roaming
California fox squirrel with a WNV blood titer
of 108 PFU/mL (Padgett et al. 2007) justify fur-
ther study to determine the possible role that
squirrels may play in the epidemiology of WNV,
particularly in peridomestic environments. The
possibility that squirrels can be persistently in-
fected with WNV also raises the possibility that
squirrels can be another mechanism for WNV
survival between mosquito seasons, especially
if periodic shedding and transmission by close
contact to WNV antibody-free squirrels occur.
Future studies should include analysis of the ef-
fect of virus strain and genetic background of
squirrels on the magnitude and duration of
WNV viremias. Additional studies such as per-
formed by Kilpatrick et al. (2006) that focus on
the feeding behavior and host preference of vec-
tor-competent Culex and Aedes species in these
environments throughout the mosquito season
also are crucial.
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